Abstract. The objective of this paper is to present numerical simulations of combustion of an air/methane mixture in porous materials using a model that considers the intra-pore levels of turbulent kinetic energy. Transport equations are written in their time-and-volume-averaged form and a volume-based statistical turbulence model is applied to simulate turbulence generation due to the porous matrix. Four different thermo-mechanical models are compared, namely Laminar, Laminar with Radiation Transport, Turbulent, Turbulent with Radiation Transport. Combustion is modeled via a unique simple closure. Preliminary testing results indicate that a substantially different temperature distribution is obtained depending on the model used. In addition, for high excess air peak gas temperature are reduced.
Macroscopic value

Introduction
The advantages of having a combustion process inside an inert porous matrix are today well documented in the literature [1] - [8] , including a recent review on lean-combustion porous burners [9] . Hsu et al (1993) [10] points out some of its benefits including higher burning speed and volumetric energy release rates, higher combustion stability and the ability to burn gases of a low energy content. Driven by this motivation, the effects on porous ceramics inserts have been investigated in Peard et al (1993) [11] , among others.
Turbulence modeling of combustion within inert porous media has been conducted by Lim & Matthews (1993) [12] on the basis of an extension of the standard k- model of Jones & Launder (1972) [13] . Work on direct simulation of turbulence in premixed flames, for the case when the porous dimension is of the order of the flame thickness, has also been reported in Sahraoui & Kaviany (1995) [14] .
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Diffusion in Solids and Liquids V Further, non-reactive turbulence flow in porous media has been the subject of several studies [15] - [17] , including many applications such as flow though porous baffles [18] , channels with porous inserts [19] and buoyant flows [20] . In such line of work, intra-pore turbulence is accounted for in all transport equations, but only non-reactive flow has been previously investigated in [15] - [20] .
Motivated by the foregoing, this paper extends previous work on turbulence modeling in porous media to include simulation of reactive flows. Computations are carried out for inert porous material considering one-dimensional turbulent flow and a two-energy equation model. Four different thermo-mechanical models are here compared, namely Laminar Flow, Laminar Flow with Radiation Transport, Turbulent Flow and Turbulent Flow with Radiation Transport, with the last two closures based on the turbulence model by [15] - [20] . As such, this contribution compares the effects of radiation and turbulence in smoothing temperature distributions within porous burners.
Mathematical Model
As mentioned, the two thermo-mechanical models addressing turbulent transfer are based on the "double-decomposition" concept [15] , [16] , which has been also described in detail in a book [17] . In that work, transport equations are volume averaged according to the Volume Averaging Theorem [21] - [23] in addition of using time decomposition of flow variables followed by standard timeaveraging procedure for treating turbulence. As the entire equation set is already fully available in open literature, these equations will be reproduced here and details about their derivations can be obtained in the aforementioned references. Essentially, in all the above-mentioned work the flow variables are decomposed in a volume mean and a deviation (classical porous media analysis) in addition of being also decomposed in a time-mean and a fluctuation (classical turbulent flow treatment).
Because mathematical details and proofs of such concept are available in a number of worldwide available papers in the literature, they are not repeated here. These final equations in their steadystate form are:
Macroscopic continuity equation:
where, D u is the average surface velocity and f  is the gas mixture density. Equation (1) represents the macroscopic continuity equation. Here, density is allowed to vary with temperature and not so much due to abrupt pressure changes. In fact, pressure drop along the porous material is not substantial whereas temperature rise due to the exothermic combustion reaction is significant.
Macroscopic momentum equation:
where the last two terms in equation (2) Turbulence is handled via a macroscopic
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where
Details on the derivation of the above equations can be found in [17] .
Macroscopic Energy Equations
Macroscopic energy equations are obtained for both fluid and solid phases by also applying time and volume average operators to the instantaneous local equations [24] . As in the flow case, volume integration is performed over a Representative Elementary Volume (REV). After including the heat released due to the combustion reaction, one gets for both phases:
Solid: 
K
are the effective conductivity tensors for fluid and solid, respectively,
In Equations (7)- (10) [24] for details).
Thermal dispersion:
Turbulent thermal dispersion:
Local conduction:
In Eqs. (7) and (8) the heat transferred between the two phases was modeled by means of a film coefficient i h . A numerical correlation for the interfacial convective heat transfer coefficient was proposed by Kuwahara et al. [25] for laminar flow as:
For turbulent flow, the following expression was proposed in Saito 
Macroscopic Mass Transport
Transport equation for the fuel reads,
where i fu m   is the mass fraction for the fuel. The effective mass transport tensor, eff D , is defined as:
where  Sc and t Sc ,  are the laminar and turbulent Schmidt numbers for species  , respectively, and "ef" denotes an effective value. The dispersion tensor is defined such that, Defect and Diffusion Forum Vols. 297-301
Simple Combustion Model
In this work, for simplicity, the chemical exothermic reaction is assumed to be instantaneous and to occur in a single step, which is given by the chemical reaction,
where  is the excess air in the reactant stream at the inlet of the porous foam. For the stechiometric ratio, =0. The rate of fuel consumption over the total volume (gas plus solid) was determined by a one step Arrhenius reaction [26] given by Density  in the above equations is determined from the perfect gas equation for a mixture of perfect gases:
where o P is the absolute pressure, R is the universal gas constant [8.134 J/(mol.K)] and  M is the molecular weight of species  .
Boundary Conditions and Numerical Details
The set of equations above where solved, for one-dimensional cases, with given temperatures (solid and gas) and fuel mass fraction at inlet, 0
for the fuel mass fraction and gas temperature. For the solid temperature, a balance between the energy conducted to the exit of the burner and the radiation leaving the porous material to the environment was applied. Further, an initial length of 2 cm was considered to be made of a material that prevents flash back of the flame, which is commonly referred to in the literature as "flame trap" [27] . Ignition, is existing, was them calculated for cm 2  x .
Results And Discussion
The computational grid was generated with a concentration of points close to the beginning of the combustion section ( cm 2  x ), where steep temperature and species gradients were expected to appear. Fig. 1a shows the effect of excess air  on the gas temperature, f T , and solid temperature, ), independently of the mathematical model applied. Solid temperature are influenced by radiation transport, which tends to smooth out temperature differences within the solid matrix, enhancing, as such, the regenerative advantage of porous burners (dashed lines). Regeneration is achieved by preheating the gas prior to the combustion zone. In fact, the use of a turbulence model in conjunction with radiation transport gives the higher temperature peak of the gas temperature at the flame position. Here, radiation transport substantially affects the solid temperature distribution, but definitive conclusions on the appropriateness of each model can only be reached after careful comparison with experimental measurements. This shall be the subject of the present ongoing research effort.
Conclusions
This paper presented one-dimensional simulations for a mixture of air and methane burning in a porous material. Four different thermo-mechanical models were compared along with a unique simple closure for combustion. Results indicate that a substantially different temperature distribution pattern is obtained depending on the model used. Results herein motivates further research work on the subject of reactive turbulent flow in porous burners and should be seen as a preliminary step towards reliable simulation of real porous combustors.
